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PROCESS FOR PRODUCING NITRIDE
CRYSTAL, NITRIDE CRYSTAL AND
APPARATUS FOR PRODUCING SAME

TECHNICAL FIELD

The present invention relates to a process for producing a
nitride crystal by an ammonothermal method, a nitride crystal
and an apparatus for producing the same. Particularly, the
present invention relates to a process for producing a nitride
crystal by an ammonothermal method, which is characterized
by the method of supplying a mineralizer.

BACKGROUND ART

An ammonothermal method is a method for producing a
desired material by using an ammonia solvent in a supercriti-
cal state and/or a subcritical state and utilizing the dissolu-
tion-precipitation reaction of a starting material. When
employed for a crystal growth, the method utilizes tempera-
ture dependency of the solubility of a starting material in an
ammonia solvent to generate a supersaturated state by a tem-
perature difference and thereby to precipitate a crystal. A
hydrothermal method, which is similar to the ammonother-
mal method, uses water in a supercritical state and/or a sub-
critical state as a solvent, to carry out crystal growth, and it is
employed mainly for oxide crystals such as quartz (SiO,) and
zinc oxide (ZnO). On the other hand, the ammonothermal
method may be employed for nitride crystals, and it is utilized
for growth of nitride crystals such as gallium nitride. In order
to grow a single crystal by the ammonothermal method, a
sufficient amount of a starting material is required to be
present for precipitation in a supersaturated state, and this
requires the starting material for crystal growth to be suffi-
ciently soluble in a solvent. However, since a nitride such as
gallium nitride has an extremely low solubility in pure ammo-
nia within the applicable range of temperature and pressure,
there is a problem such that the starting material cannot be
dissolved in an amount required for a practical crystal growth.

In order to solve such a problem, a mineralizer, which
increases the solubility of a nitride such as gallium nitride, is
usually added to the reaction system. A mineralizer forms e.g.
a complex with a nitride (solvation), and a larger amount of
the nitride can thereby be dissolved in ammonia. Such min-
eralizers include a basic mineralizer and an acidic mineral-
izer. A representative example of the basic mineralizer may be
an alkali metal amide, and a representative example of the
acidic mineralizer may be an ammonium halide (Patent
Document 1).

These mineralizers are sold as reagents, and they are usu-
ally available in a solid powder form. Such a solid mineralizer
is sufficiently dried and then put in a reactor which contains a
starting material for crystal growth and a seed crystal, and
thenthe lid is closed. Next, liquid ammonia is injected into the
reactor via a valve, followed by raising the temperature by a
heater to generate an internal pressure by volume expansion
of the internal ammonia. Then, the reactor is maintained
under a set temperature condition for a prescribed period of
time to grow a crystal, followed by cooling and recovering the
crystal from the reactor, to obtain a nitride crystal (Patent
Documents 2 to 4).

However, there is a problem such that such a nitride crystal
grown by an ammonothermal method using a solid mineral-
izer has a relatively high concentration of oxygen contained
inthe crystal. That is, the nitride crystal obtained by the above
conventional process contains oxygen in an amount of, in
orders of magnitude, 10'® to 10%° atom/cm® (Non-Patent
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Documents 1 and 2), which is an extremely large value as
compared with a nitride crystal grown by HVPE method.

PRIOR ART DOCUMENTS
Patent Documents

Patent Document 1: JP-A-2003-277182
Patent Document 2: JP-A-2005-8444

Patent Document 3: JP-A-2007-238347
Patent Document 4: JP-A-2007-290921

Non-Patent Documents

Non-Patent Document 1: Journal of Crystal Growth, 310,
2008, 3902-3906

Non-Patent Document 2: Journal of Crystal Growth, 310,
2008, 876-880

DISCLOSURE OF INVENTION
Technical Problem

Ifthe oxygen concentration is high, black to brown colora-
tion results, and when the nitride crystal is used as a substrate
for opto-electronics such as LEDs and LDs (laser diodes),
absorption of light occurs, and thus light recovery efficiency
is declined. Further, since oxygen functions as a donor, if an
uncontrolled amount of oxygen is contained in the crystal as
an unintended impurity, doping to control electric properties
of a substrate becomes difficult. Therefore, it is required to
reduce the oxygen concentration in the crystal. This is
required also from the viewpoint of the crystal growth rate or
crystallinity of a crystal to be obtained. However, heretofore,
such a problem has been recognized as an unavoidable inher-
ent problem as long as an ammonothermal method is
employed, and a solution to the problem has not been found at
all.

Taking such a problem of the prior art into consideration,
the present inventors have conducted a study for the purpose
of obtaining a nitride crystal having a low oxygen concentra-
tion, consciously by an ammonothermal method.

Solution to Problem

As a result of an extensive study to solve the above prob-
lem, the present inventors have found that when a mineralizer
is supplied by a novel method which has not been studied in
the conventional method, a nitride crystal having a low oxy-
gen concentration can be obtained by an ammonothermal
method, and they have accomplished the present invention.
That is, in order to solve the problem, the present invention
provides the following.

[1] A process for producing a nitride crystal, which comprises
bringing a reactant gas reactive with ammonia to form a
mineralizer, and ammonia into contact with each other to
prepare a mineralizer in a reactor or in a closed circuit
connected to a reactor; and in the reactor, growing a nitride
crystal from a starting material for growth of a nitride
crystal put in the reactor, by an ammonothermal method in
the presence of ammonia and the mineralizer.

[2] The process for producing a nitride crystal according to
[1], wherein the reactant gas is a hydrogen halide gas.

[3] The process for producing a nitride crystal according to
[2], wherein the reactant gas is at least one member
selected from the group consisting of a hydrogen chloride
gas, a hydrogen bromide gas and a hydrogen iodide gas.



US 9,192,910 B2

3

[4] The process for producing a nitride crystal according to
any one of [ 1] to [3], wherein the reactant gas is supplied to
the ammonia to prepare a mineralizer.

[5] The process for producing a nitride crystal according to
any one of [1] to [4], wherein the reactant gas has a water
content of at most 10 ppm (by weight).

[6] The process for producing a nitride crystal according to
any one of [1] to [5], wherein the reactant gas has an
oxygen content of at most 10 ppm (by weight).

[7] The process for producing a nitride crystal according to
any one of [1] to [3], wherein the reactant gas is formed by
reacting a plurality of material gases.

[8] The process for producing a nitride crystal according to
[7], wherein the plurality of material gases are supplied to
the ammonia to prepare a mineralizer.

[9] The process for producing a nitride crystal according to
[7] or [8], wherein each of the material gases has a water
content of at most 10 ppm (by weight).

[10] The process for producing a nitride crystal according to
any one of [ 7] to [9], wherein each of the material gases has
an oxygen content of at most 10 ppm (by weight).

[11] The process for producing a nitride crystal according to
any one of [7] to [10], wherein the plurality of material
gases comprise a first material gas and a second material
gas, said first material gas being a halogen and said second
material gas being a gas reactive with a halogen to form the
reactant gas.

[12] The process for producing a nitride crystal according to
[11], wherein the second material gas is a gas of at least one
member selected from the group consisting of an alkane
and a halogenated alkane having a hydrogen atom.

[13] The process for producing a nitride crystal according to
[12], wherein the first material gas is a chlorine gas, and the
second material gas is a gas of at least one member selected
from the group consisting of methane, monochlo-
romethane, dichloromethane and trichloromethane.

[14] The process for producing a nitride crystal according to
any one of [1] to [13], wherein the reactant gas or the
plurality of material gases forming the reactant gas is intro-
duced into the reactor charged with ammonia to prepare a
mineralizer.

[15] The process for producing a nitride crystal according to
any one of [1] to [13], wherein in the closed circuit con-
nected to a reactor i.e. outside the reactor, the reactant gas
or the plurality of material gases forming the reactant gas
are introduced into ammonia to prepare a mineralizer, and
then ammonia containing the prepared mineralizer is intro-
duced into the reactor to grow a nitride crystal.

[16] The process for producing a nitride crystal according to
[14] or [15], wherein the reactant gas or the plurality of
material gases forming the reactant gas are passed through
a filter and then introduced.

[17] The process for producing a nitride crystal according to
any one of [14] to [16], wherein the reactor is lined with at
least one metal or with an alloy of at least one metal,
selected from the group consisting of Pt, Ir, W, Ta, Rh, Ru
and Re.

[18] The process for producing a nitride crystal according to
any one of [ 14] to [17], wherein the reactor is an autoclave.

[19] The process for producing a nitride crystal according to
any one of [14] to [17], wherein the reactor is an inner
cylindrical tube inserted in an autoclave.

[20] The process for producing a nitride crystal according to
any one of [14] to [19], wherein, before ammonia and the
reactant gas, orammonia and the plurality of material gases
are introduced into the reactor or the closed circuit con-
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nected to a reactor, the interior of the reactor containing a
starting material for growth of a crystal is replaced with a
nitrogen gas.

[21] The process for producing a nitride crystal according to
any one of [14] to [20], wherein, before ammonia and the
reactant gas, or ammonia and the plurality of material gases
are introduced into the reactor or the closed circuit con-
nected to a reactor, the pressure in the reactor containing a
starting material for growth of a crystal is reduced to at
most 10 Torr.

[22] The process for producing a nitride crystal according to
any one of [14] to [21], wherein, before ammonia and the
reactant gas, or ammonia and the plurality of material gases
are introduced into the reactor or the closed circuit con-
nected to a reactor, the interior of the reactor containing a
starting material for growth of a crystal is heated to at least
70° C.

[23] The process for producing a nitride crystal according to
any one of [ 1] to [22], wherein the nitride crystal is a Group
1T nitride crystal.

[24] The process for producing a nitride crystal according to
any one of [1] to [22], wherein the nitride crystal is anitride
crystal containing gallium.

[25] The process for producing a nitride crystal according to
[24], wherein metal gallium and/or gallium nitride is used
as the starting material for growth of a nitride crystal.

[26] The process for producing a nitride crystal according to
[25], wherein the starting material for growth has an oxy-
gen concentration of at most 1x10'® atom/cm’.

[27] The process for producing a nitride crystal according to
any one of [1] to [26], wherein a seed crystal is put in the
reactor before growing the crystal.

[28] The process for producing a nitride crystal according to
any one of [1]to [27], wherein the ammonia is cooled while
the reactant gas is introduced.

[29] A nitride crystal which is produced by the process as
defined in any one of [1] to [28].

[30] A nitride crystal which has an oxygen concentration of at
most 5x10"® atom/cm? and a radius of curvature of a crystal
lattice plane of a principal surface of at least 50 m.

[31] A nitride crystal which has an oxygen concentration of at
most 5x10'® atom/cm® and a silicon concentration of at
most 5x10"® atom/cm”>.

[32] The nitride crystal according to [30] or [31], wherein the
nitride is gallium nitride.

[33] An apparatus for producing a nitride crystal, comprising
a reactor in which a nitride crystal can be grown by
ammonothermal method in the presence of ammonia, and
a means to introduce a reactant gas reactive with ammonia
to form a mineralizer into the reactor.

[34] The apparatus for producing a nitride crystal according
to [33], wherein the means to introduce a reactant gas into
the reactor is provided with a filter through which the
reactant gas is passed.

[35] The apparatus for producing a nitride crystal according
to [33], which further has a means to introduce an ammonia
gas into the reactor.

[36] The apparatus for producing a nitride crystal according
to [35], wherein the means to introduce an ammonia gas
into the reactor is provided with a filter through which the
ammonia gas is passed.

[37] The apparatus for producing a nitride crystal according
to any one of [33] to [36], which further has a tube con-
nected to the reactor, and a heater to heat at least a part of
the tube.

Advantageous Effects of Invention

According to the process for producing a nitride crystal
(hereinafter referred to as the ammonothermal method of the
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present invention), a highly pure nitride crystal having a low
oxygen concentration can be grown efficiently. The nitride
crystal of the present invention has a low oxygen concentra-
tion and a high purity, and thus coloration is hardly likely to
result. Further, by using the production apparatus of the
present invention, a nitride crystal having such characteristics
can be produced efficiently.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic diagram illustrating an apparatus for
producing a crystal used in the present invention.

FIG. 2 is a schematic diagram illustrating an apparatus for
producing a crystal used in Comparative Example.

DESCRIPTION OF EMBODIMENTS

Hereinafter, the process for producing a nitride crystal by
an ammonothermal method, the nitride crystal and the appa-
ratus for its production of the present invention will be
described in detail. Some constituent features described
below are based on representative embodiments of the
present invention, but the present invention is not limited to
these embodiments.

Further, in the present invention, an ammonothermal
method is a method to produce a desired material by using an
ammonia solvent in a supercritical state and/or a subcritical
state and utilizing the dissolution-precipitation reaction of a
starting material.

(Reactant Gas)

The ammonothermal method of the present invention is
characterized in that a reactant gas reactive with ammonia to
form a mineralizer, and ammonia into contact with each other
to prepare a mineralizer, and then a nitride crystal is grown in
the presence of the ammonia and the mineralizer.

The reactant gas used in the present invention may, for
example, be a hydrogen halide gas such as a hydrogen fluo-
ride gas, a hydrogen chloride gas, a hydrogen bromide gas or
ahydrogen iodide gas. Among such reactant gases, it is more
preferred to use a hydrogen chloride gas, a hydrogen bromide
gas or a hydrogen iodide gas, and it is further preferred to use
a hydrogen chloride gas because a gas having a higher purity
than the other reactant gases is available. Such a reactant gas
may be used as a liquid if it is a liquid depending on the
condition of temperature and pressure, or it may be used in the
form of gas by controlling the temperature and the pressure.
Further, one of these reactant gases may be singly used, or two
or more of them may be used in combination.

When using the reactant gas in the present invention, it is
preferred to select and use a reactant gas having a low water
content. The reactant gas preferably has a water content of, by
weight, at most 10 ppm, more preferably at most 5 ppm,
further preferably at most 1 ppm, and it is most preferred that
the reactant gas contains no water. When a reactant gas having
a water content of at most 10 ppm by weight, there is an
advantage such that a nitride crystal having a lower oxygen
concentration is likely to be obtained.

The reactant gas preferably has an oxygen content of, by
weight, at most 10 ppm, more preferably at most 5 ppm,
further preferably at most 1 ppm, and it is most preferred that
the reactant gas contains no oxygen. When a reactant gas
having an oxygen content of at most 10 ppm is used, a nitride
crystal having a lower oxygen concentration is likely to be
obtained.

The purity of the reactant gas used in the present invention
is preferably at least 99.9%, more preferably at least 99.99%,
further preferably at least 99.999%.
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The reactant gas is preferably passed through a filter before
it is brought into contact with ammonia in the ammonother-
mal method of the present invention. The reactant gas is
passed through a filter, whereby impurities such as water
incorporated in the reactant gas or impurities present in a gas
cylinder of the reactant gas or in tubes may be removed. The
type of the filter used in the present invention may, for
example, be Nanochem Metal-X manufactured by Matheson
Tri Gas. When the reactant gas is passed through the filter, the
water amount in the reactant gas can be suppressed to at most
200 ppb.

(Contact Between Reactant Gas and Ammonia)

Inthe ammonothermal method ofthe present invention, the
manner of bringing the reactant gas into contact with ammo-
nia is not particularly limited. For example, the reactant gas
can be contacted with ammonia by introducing the reactant
gas into a reactor containing ammonia. In such a case, the
reactant gas may be introduced through an orifice which the
reactor is provided with, or the reactant gas may be directly
introduced into ammonia liquid through an introduction tube
extended into the ammonia liquid.

The contact between the reactant gas and ammonia is not
necessarily carried out in a reactor, and it may be carried out
in a closed circuit connected to a reactor. The closed circuit
means a flow path or a container which forms a hermetically
closed state with a reactor when it is connected to the reactor
and which is isolated from the external air and is capable of
preventing impurities such as oxygen and water from being
incorporated. Further, the closed circuit is not necessarily
consistently connected to a reactor, and it may have a struc-
ture such that it is separable from the reactor while it holds a
function to form a hermetically closed state with the reactor
by using devices such as a valve. An example of such a
connection between a closed circuit and a reactor may be a
structure having a reactor and another container (in this con-
text it will be referred to as mixing container) connected to
each other by a tube, and each of'the reactor and the container
is provided with a valve to make the structure capable of being
hermetically closed.

When such a structure is employed, e.g. a process which
comprises filling the reactor and the mixing container with
ammonia; introducing the reactant gas into the mixing con-
tainer to prepare a mineralizer; and opening the valve to
introduce the ammonia containing the mineralizer into the
connected reactor through the tube, may be carried out.

Further, for example, the both members may also be
brought into contact with each other in the tube. When they
are brought into contact with each other in the tube, if the
mineralizer to be prepared is in the form of powder, the tube
may possibly be clogged and blocked. In such a case, the
diameter of the tube, the flow rate of the reactant gas, the
temperature condition for the reactant gas supply, and so on
may be properly controlled so that the tube will not be
blocked with the prepared mineralizer, to find out the optimal
condition.

In the case where a gas is supplied through a tube extended
into ammonia liquid, since the tube remains in the reactor
during the crystal growth, the tube is preferably made of a
material having an excellent corrosion resistance to super-
critical ammonia in which the mineralizer is present. Specifi-
cally, the tube is preferably made of an alloy composed of at
least one member selected from Pt, Ir, W, Ta, Rh, Ru and Re.

The melting point of ammonia is —=78° C., and the boiling
point is -33° C. (both under atmospheric pressure and
rounded off to the closest whole number). That is, ammonia is
present as a liquid within a range between —78° C. and -33°
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C., and thus the reactant gas reacts with liquid ammonia
mainly at the gas-liquid interface.

The case where the reactant gas is hydrogen chloride is as
follows. Hydrogen chloride has a melting point of =144° C.
and a boiling point of -85° C. Accordingly the temperature
range within which ammonia is present as a liquid is higher
than the boiling point of hydrogen chloride, and thus hydro-
gen chloride is supplied as a gas. In this case, the reaction
occurs at the gas-liquid interface as described above.

In the case where the reactant gas is hydrogen bromide,
hydrogen bromide has a melting point of -87° C. and a
boiling point of -66° C., and thus the reaction is a gas-liquid
reaction of liquid ammonia and a hydrogen bromide gas
between -66° C. and -33° C., and the reaction is a liquid-
liquid reaction of liquid ammonia and liquid hydrogen bro-
mide between —78° C. and -66° C. Between -87° C. and -78°
C., solid ammonia is to be brought into contact with liquid
hydrogen bromide. In this case, the reactivity is low, and thus
it is preferred that after a prescribed amount of hydrogen
bromide is introduced into the reactor, the temperature is
raised to the melting point of ammonia or higher to promote
the reaction.

In the case where the reactant gas is hydrogen iodide,
hydrogen iodide has a melting point of -51° C. and a boiling
point of =35° C., and thus the reaction is a reaction of liquid
ammonia with a hydrogen iodide gas at a gas-liquid interface
between -35° C. and -33° C. However, in this case, since the
temperature range is close to the boiling point of ammonia,
the temperature may possibly exceed the boiling point by the
heat of reaction, and accordingly ammonia may possibly
begin to vaporize. Between —-51° C. and -35° C., since both
ammonia and hydrogen iodide are present as liquid, the reac-
tion is a liquid-liquid reaction. Between —78° C. and -51° C.,
the reaction is a liquid-solid reaction of liquid ammonia with
solid hydrogen iodide. In this case, since the reactivity is low,
it is preferred that after a prescribed amount of hydrogen
iodide is introduced, the temperature is raised so that the
temperature becomes the melting point of hydrogen iodide or
higher to promote the reaction.

The preferred temperature ranges of the tube and the reac-
tor at the time of supplying the reactant gas are as follows.

Regarding the temperature range of the tube, the introduc-
tion temperature of the reactant gas is not particularly limited
as long as it is at most the boiling point of ammonia, but it is
preferred to set the temperature of the tube for the reactant gas
to be at least its melting point in order to prevent the reactant
gas from becoming solid in the tube, and it is more preferred
to set the temperature to be at least the boiling point of the
reactant gas because it becomes possible to introduce the
reactant gas as a gas. The upper limit is preferably about 400°
C. because at a higher temperature, damages of the tube and
the valve due to the temperature will be large.

Even if the temperature range in the reactor is the melting
point of the reactant gas or lower, it does not prevent the
introduction of a gas. However, in order to promote the reac-
tion of ammonia with the reactant gas, after the introduction
of'the reactant gas, the temperature in the reactor is preferably
set to be atemperature exceeding the melting points of both of
ammonia and the reactant gas. The upper limit is preferably
-33° C., which is the boiling point of ammonia, in order to
introduce the gas efficiently.

The supply amount and the supply rate of the reactant gas
to ammonia may be properly determined according to the
environmental condition. Usually, it is preferred that the sup-
ply rate of the reactant gas is controlled so that the supplied
reactant gas is successively reacted with ammonia.
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The internal pressure in the reactor at the time of bringing
the reactant gas and ammonia into contact with each other is
preferably controlled to be lower than the pressure of the gas
provided from the reactant gas cylinder. The pressure is pref-
erably set to be within the range of from 0.01 to 0.5 MPa,
more preferably within the range of from 0.01 to 0.2 MPa,
further preferably within the range of from 0.01 to 0.1 MPa.

Inacase where the internal pressure changes by an increase
of the internal temperature due to the heat of reaction of
ammonia with the reactant gas, it is preferred to remove the
heat of reaction sufficiently by using e.g. a coolant. Further, it
is preferred to monitor the gas pressure and to control the
supply amount of the reactant gas while the heat of reaction is
removed, to introduce the prescribed amount of the reactant
gas into the reactor.

In such a case, it is preferred to remove the heat of reaction
successively to adjust the temperature to be at most -33° C.,
which is the boiling point of ammonia. Strictly speaking, it is
preferred to control the supply amount of the reactant gas and
to supply it while monitoring the internal pressure so that the
vapor pressure will not become higher than the introduction
pressure of the reactant gas even when the temperature is the
boiling point of ammonia or lower. In order to monitor the
generation of the heat of reaction, the temperature change due
to the heat of reaction may be measured by a thermocouple
inserted into the inside of the reactor. Alternatively, the tem-
perature of the outer wall of the reactor may be measured
without measuring the internal temperature of the reactor
directly. In this case, the correlation between the temperature
in the reactor and the temperature of the outer wall of the
reactor is preliminarily obtained in order to know the internal
temperature of the reactor by measuring the temperature of
the outer wall of the reactor.

The cooling method may, for example, be a method using
a refrigerant or a method using cold air. The refrigerant may,
for example, be dry ice-methanol, and the reactor may be
cooled to about —60° C. to =70° C. by immersing the reactor
in dry ice-methanol. If more cooling is needed, e.g. liquid
nitrogen may be used in combination to adjust the tempera-
ture.

In the case where a hydrogen halide gas is selected as the
reactant gas, the hydrogen halide gas and ammonia are
brought into contact with each other, whereby an ammonium
halide is formed. For example, when a hydrogen chloride gas
is selected as the reactant gas, a hydrogen chloride gas and
ammonia are brought into contact with each other, whereby
ammonium chloride is formed. The ammonium halide such
as ammonium chloride which is formed as described above
functions as a mineralizer (acidic mineralizer). When hydro-
gen bromide gas is selected, ammonium bromide is formed,
and when hydrogen iodide gas is selected, ammonium iodide
is formed, and they respectively function as mineralizers.
When a plurality of hydrogen halide gases are selected, a
plurality of ammonium halides are formed and function as
mineralizers.

Such an ammonium halide formed by contact between
ammonia and the reactant gas is a powdery solid, and it is
expected that in some cases, the reactant gas rapidly reacts
with ammonia when introduced to block the tube for the
reactant gas introduction. Thus, it has been recognized that it
is difficult to prepare and introduce a mineralizer by such a
method. However, the present inventors have succeeded in
introducing the reactant gas without causing block of the tube
by properly optimizing the reaction temperature and the sup-
ply rate of the reactant gas, and have accomplished the present
invention.
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As a condition for such a situation, for example, the reac-
tion temperature is preferably set to be =196 to -33° C., more
preferably from —196 to —60° C. The supply rate of the reac-
tant gas is preferably set to be from 0.01 to 5 L/min, more
preferably from 0.02 to 2 L/min. Further, it is preferred to
supply the reactant gas so that the supply pressure of the
reactant gas is constantly maintained higher than the vapor
pressure of ammonia in order to prevent ammonia from flow-
ing adversely in the tube during introduction of the reactant
gas. Inthe present invention, the condition is not limited to the
conditions described above, and an optimal condition may be
suitably selected.

(Reactant Gas Formation Using Material Gases)

In the above section (Contact Between Reactant Gas and
Ammonia), an example wherein the reactant gas is brought
into contact with ammonia to form a mineralizer is described,
but in the present invention, the gas to be supplied is not
limited to the reactant gas, and a plurality of material gases
which are materials for the reactant gas may be supplied.
Such a plurality of material gases contact and react with each
other to form a reactant gas, and such a reactant gas formed as
above reacts with ammonia to form a mineralizer.

As the material gases, two or more types of gases which are
reactive with each other are used. The gases which react with
each other may be respectively called a first material gas and
a second material gas, and it is possible to select a halogen as
the first material gas and a gas reactive with a halogen to form
a reactant gas as the second material gas. Such a second
material gas may, for example, be a gas of at least one member
selected from the group consisting of an alkane and a halo-
genated alkane having a hydrogen atom. Specifically, it may,
for example, be a gas of at least one member selected from the
group consisting of methane, monochloromethane, dichlo-
romethane and trichloromethane. The halogen atoms forming
the first material gas and the halogen atom forming the second
material gas may be the same or different from each other.
The case where the halogen atoms are the same is preferred.
As the halogen, fluoride, chloride, bromide or iodide may be
mentioned. Among them, chloride is preferably adapted
because its highly pure gas is available.

As to the material gases used in the present invention, it is
preferred to select and use ones having low water contents, as
the above reactant gas. Further, itis preferred to select and use
ones which have low impurity contents and which is highly
pure. Preferred ranges of the water content, the impurity
content and the purity of each material gas are the same as the
preferred ranges of the water content, the impurity content
and the purity of the above reactant gas. When such material
gases having water contents, impurity contents and purities
within the preferred ranges are used, there is an advantage that
a nitrogen crystal having a lower oxygen concentration is
likely to be obtained. Further, it is preferred to have the
material gases passed through filters before they are brought
into contact with ammonia. Specifically, the usable filters
may, for example, be Nanochem OMX manufactured by
Matheson Tri Gas for an alkane, and the above filter used for
hydrogen halide, for a halogen gas.

In the ammonothermal method of the present invention, the
manner of supplying the material gases to ammonia is not
particularly limited as long as the reactant gas formed from
the material gases can contact with ammonia in a reactor or in
aclosed circuit connected to a reactor. Therefore, the plurality
of material gases may be respectively introduced into a reac-
tor containing ammonia through different orifices with which
the reactor is provided so that the plurality of material gases
and ammonia will be mixed in the reactor, or the plurality of
material gases may be preliminarily brought into contact with
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each other to form a reactant gas, and then the mixed gas
containing the reactant gas may be introduced into the reactor
containing ammonia. In the latter case, the reactant gas may
be formed from the plurality of material gases in another
reactor and introduced into the reactor containing ammonia,
or a reactant gas may be formed by mixing the plurality of
material gases in a tube and introduced into the reactor con-
taining ammonia. Further, the reaction between the formed
reactant gas and ammonia is not necessarily carried out in a
reactor, and it may be carried out in a tube. Further, in a
container other than the reactor, for mixing ammonia and the
reactant gas, ammonia and the reactant gas may be reacted
with each other in this mixing container to prepare a miner-
alizer and then introduced to the reactor. In such a case, it is
required that the mixing container and the reactor are con-
nected to form a closed circuit. That is, it is required that the
mineralizer prepared in the mixing container is isolated from
the outer air and is able to be supplied to the reactor without
incorporating impurities such as oxygen and water.

Among these various embodiments, it is preferred that the
plurality of material gases are preliminary brought into con-
tact with each other to form a reactant gas, and then the
reactant gas is introduced into the reactor containing ammo-
nia.

(Crystal Growth)

The mineralizer prepared according to the process of the
present invention is used for the growth of a nitride crystal.
That is, a nitride crystal is grown in the presence of the
mineralizer and ammonia. Ammonia used for the crystal
growth is preferably ammonia used for preparation of the
mineralizer. Therefore, it is most preferred to use an ammonia
solution containing the prepared mineralizer for the crystal
growth. The ammonia solution containing the mineralizer
may be introduced into the reactor in which a nitride crystal
will be grown from the closed circuit connected to the reactor,
or a nitride crystal may be grown in the reactor in which the
mineralizer is prepared, as it is. In the latter case, the reactor
is required to satisfy the conditions for growth of a nitride
crystal, and it is required to select and use one having a
structure suitable for the crystal growth. Further, in the latter
case, the time of the step of preparing the mineralizer may
overlap with the time of the step of the nitride crystal growth.
That is, while the mineralizer is prepared, a nitride crystal
may be grown at the same time.

As to the growth condition for a nitride crystal, the growth
condition for a nitride crystal in the usual ammonothermal
method may be suitably selected and adapted.

As to the starting material for growth of a crystal, the
starting material usually used for the growth of a nitride
crystal by an ammonothermal method may be suitably
selected and used. For example, in the case of growing a
gallium nitride crystal, metal gallium, gallium nitride or a
mixture thereof may be used as a material of a gallium source.
The starting material for growth of a crystal used in the
present invention preferably has an oxygen concentration of
at most 1x10'® atom/cm?, preferably at most 1x10'7 atom/
cm’, more preferably 1x10"® atom/cm®.

(Seed Crystal)

When a seed crystal is preliminary permitted to be present,
it is also possible to grow a nitride crystal having a desired
crystal structure and growth surface. For example, when a
hexagonal gallium nitride crystal is used as a seed crystal, a
hexagonal gallium nitride crystal may be grown efficiently.
As a seed crystal, a plate crystal in the shape of a thin plate is
usually used, but the crystal orientation of the principal sur-
face can be optionally selected. The principal surface means
the largest surface of a seed crystal in the form of a thin plate.



US 9,192,910 B2

11

In the case of a hexagonal gallium nitride single crystal, seed
crystals having the principal surfaces in various orientations
such as a polar surface represented by the (0001) surface or
the (000-1) surface, a semipolar surface represented by the
(10-12) surface or the (10-1-2) surface, and a nonpolar sur-
face represented by the (10-10) surface are used, whereby itis
possible to grow crystals in arbitrary orientations. The orien-
tation in cutting out a seed crystal is not limited to a facet
surface described above, and a surface displaced by an arbi-
trary angle from a facet surface may also be selected.

The growth temperature of the nitride crystal in the present
invention is usually preferably set to be from 300 to 700° C.,
more preferably from 350 to 650° C., further preferably from
400 to 600° C. The pressure during the growth of the nitride
crystal in the present invention is usually preferably set to be
from 80 to 300 MPa, more preferably from 100 to 250 MPa,
further preferably from 120 to 250 MPa. As to other growth
conditions for the nitride crystal, the sections of manufactur-
ing conditions and of seed crystals in JP-A-2007-238347 may
be the reference for such conditions.

(Additional Steps)

In the ammonothermal method of the present invention,
additional steps may be added to the above steps. For
example, it is preferred that after a required starting material
for crystal growth and a seed crystal are put into the reactor
and before ammonia and the reactant gas or the material gases
are introduced into the reactor or the closed circuit connected
to a reactor, a step of replacing the interior of the reactor and
the tube with a nitrogen gas (nitrogen replacement step) may
be preferably added. Further, at the same time, it is preferred
to add a step of reducing the pressure in the reactor and the
tube (pressure reduction step) may be added. In such a case,
the pressure is preferably reduced to within a range of from
1077 to 10 Torr, more preferably within a range of from 1077
to 1 Torr, further preferably within a range of from 107 to
1073 Torr. It is preferred that the pressure reduction is contin-
ued until the pressure reaches the above range. Further, at the
same time as the nitrogen replacement, it is preferred to add a
step of heating the interior of the reactor and the tube (heating
step) may also preferably be added. The heating temperature
may be set within a broad range as long as volatile materials
adsorbed or attached to the inside of the reactor and the tube
can beremoved, and taking the combination with the nitrogen
replacement and the pressure reduction into consideration,
the heating temperature is preferably within a range of from
70 to 400° C., more preferably within a range of from 80 to
300° C., further preferably within a range of from 100 to 250°
C. If the temperature is too low, the effect to sufficiently
remove volatile materials would be low, and if the tempera-
ture if too high, although the effect to remove volatile mate-
rials is high, damages to the tube and the valve due to the
temperature would become large. Heating time is not particu-
larly limited, but it is preferred that the heating and pressure
reduction steps are continued until the pressure becomes
within the above pressure range in order to confirm the effect
of heating under reduced pressure, etc.

When the above nitrogen replacement step, pressure reduc-
tion step and heating step are carried out, it becomes possible
to grow a nitride crystal having a lower oxygen concentration.
As to these steps, it is preferred to carry out at least one step
of'them, more preferred to carry out the nitrogen replacement
step in combination with the pressure reduction step or the
heating step, further preferred to carry out all the three steps.
Further, the three steps may be repeatedly carried out. When
the three steps are repeatedly carried out, it is possible to
remove more attached or adsorbed materials. By the three
steps, it is possible to effectively remove volatile materials
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attached or adsorbed to the inside of the tube, the inside of the
reactor and the members (a seed crystal, a starting material
and structural members) input in the reactor. Particularly, the
effect to remove water, among the volatile materials, is high.
When a highly pure reactant gas is used and the three steps are
carried out in combination, it is possible to grow a nitride
crystal having a higher purity and a lower oxygen concentra-
tion. Among the three steps, the combination of the pressure
reduction step and the heating step, actually, has not been able
to be carried out in the conventional ammonothermal method
wherein a solid mineralizer is added because the mineralizer
is vaporized. For example, in the case where solid ammonium
chloride is used as the mineralizer and the heating step is
applied, the step of removing water by pressure reduction
cannot be applied because of the vaporization of ammonium
chloride, and further, since ammonium chloride is reduced
due to the vaporization, a desired mineralization concentra-
tion cannot be obtained. Although the sublimation tempera-
ture of ammonium chloride is 338° C. at 0.1 MPa, the vapor-
ization actually begins at much lower temperature because of
the presence of the vapor pressure. The vapor pressure of
ammonium chloride at 150° C. is about 70 Pa. When attempt-
ing to reduce pressure at the same time as the heating, ammo-
nium chloride is rapidly evaporated because it has a much
higher vapor pressure, and thus it has been impossible to
apply the heating and pressure reduction step in the conven-
tional ammonothermal method.

In a case where the mineralizer is prepared outside the
reactor in which a nitride crystal will be grown and an ammo-
nia solution containing the mineralizer is introduced into the
reactor at the time of the crystal growth, only the interior of
the reactor for crystal growth may be subjected to nitrogen
replacement, pressure reduction and heating after the ammo-
nia solution containing the mineralizer is prepared. In such a
case, the nitrogen replacement, the pressure reduction and the
heating of the interior of the reactor may be carried out in
accordance with the above steps of nitrogen replacement,
pressure reduction and heating.

The process of a representative crystal growth in the
present invention is as follows. First, a required starting mate-
rial for crystal growth, a seed crystal, etc. are put into a reactor
which is sufficiently washed, and the 1id is closed. Heating is
carried out under ordinary pressure or reduced pressure to
remove adsorption gases and volatile materials. Then, the
interior of the reactor is replaced with a nitrogen gas, followed
by being filled with ammonia. Next, a reactant gas or material
gases are introduced to prepare a mineralizer, and the tem-
perature is raised to grow a crystal. After the crystal is suffi-
ciently grown, the temperature is lowered and the nitride
crystal is recovered. Preferred ranges for respective materials
and respective operations are as described above. According
to this manner, it is possible to proceed the process in a
completely closed system after the starting material for crys-
tal growth and the seed crystal are put into the reactor, and
thus volatile materials, etc. can be removed by the heating
step etc., and further it is possible to prevent external water
and impurities from being incorporated. Therefore, there is an
advantage that a more highly pure nitride crystal is likely to be
obtained. Further, according to the present invention, the
nitride crystal can be grown at a higher growth rate than the
conventional method.

A more detailed example of the embodiments will be here-
inafter described. First, the interior of the reactor is suffi-
ciently washed and dried. In the same manner, members
which will be placed in the reactor such as a seed crystal, a
starting material, a frame for fixing the seed crystal, a baftle
plate, a cage for the starting material, and so on are suffi-
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ciently washed and dried. These members are placed in pre-
scribed positions in the reactor, and the reactor is hermetically
closed. Next, a vacuum pump is connected to a valve with
which the reactor is provided, and the pressure is reduced to
about 107> Torr, followed by replacement of the interior with
a highly pure and sufficiently dried nitrogen. Then, the pres-
sure is reduced by a vacuum pump to about 10~> Torr again.
This operation is repeated for several times, and then the tube
and the reactor is heated to 100 to 250° C. by a heater. As the
heater, for example, a ribbon heater or a silicone rubber
heater, which can be wrapped around the tube and the reactor,
may be used. During the heating step, the pressure reduction
is continued by using the vacuum pump so that the pressure is
adjusted to be from 1077 to 10> Torr. After the pressure is
sufficiently reduced, the heater is shut off to cool the reactor.
For the cooling of the reactor, immersion in dry ice-methanol
may be applied. Since a drastic temperature change may
possibly cause distortions of the tube, the valve, the reactor,
the seed crystal placed in the reactor, and so on, the cooling is
preferably natural cooling or air cooling until the temperature
becomes around room temperature. Then, a cooling using the
above dry ice-methanol is carried out to a temperature of
about —60 to =70° C. When the reactor is sufficiently cooled,
the valve is closed to hermetically close the reactor, and the
vacuum pump is shut off. Next, a valve for ammonia is opened
to fill a prescribed amount of ammonia in the reactor. The
filling amount of ammonia may be measured by a mass flow
controller. It is preferred to suppress water content in ammo-
nia to at most 1 ppb by having ammonia passed through an
in-line filter. After a prescribed amount of ammonia is filled,
the valve on the line for introducing ammonia is closed.
Hereinafter, the case of introducing a hydrogen halide gas as
the reactant gas will be described. Then, the valve on the line
for introducing the hydrogen halide gas is opened to introduce
the gas into the reactor. In the same manner as in the case of
ammonia, a prescribed amount of the gas is measured by a
mass flow controller and filled. An in-line filter is used,
whereby the water content may be suppressed to at most 200
ppb. The hydrogen halide gas introduced into the reactor
reacts with ammonia to form an ammonium halide, which is
a mineralizer. By this reaction, the hydrogen halide gas is
consumed, so that a negative pressure is generated, and thus
the hydrogen halide gas can be continuously introduced into
the reactor. The pressure in the reactor depends on the balance
between the pressure decrease due to the formation of an
ammonium halide and the pressure increase due to the gen-
eration of the heat of reaction. Since the temperature increase
depends on the size of the reactor and the amount of ammonia,
it is preferred to adjust the flow volume of the ammonium
halide while monitoring the flow volume change of the mass
flow controller and the pressure change, in the actual control.
After a prescribed amount of the hydrogen halide is filled, the
valve is closed and the reactor is separated from the line to
complete the filling. In the case where the reactor is an auto-
clave, the reactor itself is set in a heating furnace, and the
temperature, the pressure and the difference in temperature
are controlled to be subscribed values to undergo crystal
growth for an arbitrary period of time. In the case where the
reactor is an inner cylindrical tube, the inner cylindrical tube
is inserted in an autoclave and the autoclave is hermetically
closed, and then the interior of the autoclave, i.e. the outside
space of the inner cylindrical tube is filled with a prescribed
amount of ammonia through a valve. The filling amount of
ammonia is determined so that the pressure in the inner cylin-
drical tube will be almost the same as the pressure of the
outside of the inner cylindrical tube during crystal growth.
After a crystal is sufficiently grown, the temperature of the
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autoclave is lowered and the crystal is recovered. In a case
where two or more types of materials gases instead of a
reactant gas are introduced to form a reactant gas, the process
is the same except that the above step of introducing a hydro-
gen halide gas is repeated for several times to introduce the
material gases.

(Reactor)

The reactor used in the present invention is required to have
enough resistance to the temperature and the pressure which
are desirable to grow a nitride crystal efficiently and to have
corrosion resistance against the materials used in the present
invention and the reaction products. Therefore, the growth of
anitride crystal is preferably carried out in an autoclave or in
an inner cylindrical tube inserted in an autoclave. Further, for
the purpose of an excellent corrosion resistance, it is preferred
to use a reactor lined with at least one metal or with an alloy
of atleast one metal, selected from the group consisting of Pt,
Ir, W, Ta, Rh, Ru and Re. Among these metals, it is more
preferred to use a reactor lined with at least one metal or with
an alloy of at least one metal, selected from the group con-
sisting of Pt, Ir, W and Ta, and it is further preferred to use a
reactor lined with at least one metal or with an alloy of at least
one metal, selected from the group consisting of Ptand Ir. The
lining may be attached to the inner surface of the autoclave, or
it may be an inner cylindrical tube which is separated from the
autoclave.

A tube for introducing a gas is connected to each of the
autoclave and the inner cylinder of the autoclave, and the tube
is preferably provided with at least two valves. Further, the
tube is preferred to be provided with a filter which is able to
remove e.g. impurities contained in a gas. Further, the tube is
preferred to be provided with a system capable of measuring
the flow volume of a gas. Further, the tube is preferred to be
provided with a system capable of measuring the pressure
during the introduction of a gas. Further, the tube is also
preferred to be provided with a system to heat or cool the
autoclave or the inner cylinder in an autoclave. For more
detail about the reactor, the section of crystal production
apparatus in JP-A-2007-238347 may be a reference.
(Material for Tube)

Ifthe step of removing water is carried out sufficiently, it is
possible to suppress the corrosion by a hydrogen halide.
However, since 100% corrosion prevention is difficult, the
following materials and the inner surface finishing of the tube
are preferred. As the material for the tube, a stainless steel
such as SUS316 or SUS316L, or a nickel base alloy such as
Hastelloy, Monel or Inconel may be used. As to the inner
surface finishing, a smooth surface finishing is preferred for
the purpose of suppressing the adsorption of water and
improving the corrosion resistance. The inner surface is pre-
ferred to be subjected to BA (bright annealed) finish, more
preferred to EP (electrolytic polish) finish. For the tube, a
fluororesin such as polytetrafiuoroethylene which is excellent
in corrosion resistance, as well as a metal, may also be used.
Or, a tube covered with a fluororesin may also be used.
(Nitrogen Replacement of Tube)

If a hydrogen halide gas contains no water, it has no cor-
rosivity to metals, but if a slight amount of water is present in
a hydrogen halide gas, it causes the members such as a gas
cylinder, a tube and a connector to corrode severely. In order
not to cause a corrosion, water is required to be removed at all
portions which the hydrogen halide gas is to contact with
(inner surface of the tube, the valve, and so on). In order to
remove water, the pressure in the tube is reduced and the
interior of the tube is replaced with a highly pure dry nitrogen.
The step of pressure reduction and nitrogen replacement is
repeated for several times to sufficiently remove water
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adsorbed in the reactor and the inner surface of the tube for a
gas. Further, when the tube is heated while the pressure reduc-
tion, water may be removed more efficiently. As a specific
method for removing water, the above section of (Addition
Steps) may be referenced.

(Purity of Ammonia)

It is preferred to suppress the water content in ammonia to
a low level, as well. The purity of ammonia is preferably at
least 99.99%, more preferably at least 99.999%. The water
content in ammonia is preferably at most 10 ppm, more
preferably at most 5 ppm, further preferably at most 1 ppm. It
is preferred to have ammonia passed through a filter in order
to further decrease the water content. The filter to be used
may, for example, be Nanochem OMA manufactured by
Matheson Tri Gas. When ammonia is passed through a filter,
the water content in ammonia can be suppressed to at most 1
ppb.

(Apparatus for Production of Nitride Crystal)

In the present invention, any one of apparatuses may be
used as long as a nitride crystal may be produced by the
apparatus by using the ammonothermal method according to
the present invention.

Typically, the production apparatus of the present inven-
tion provided with a reactor in which a nitride crystal may be
grown by an ammonothermal method and a means for intro-
ducing a reactant gas into the reactor is used. The means for
introducing a reactant gas into the reactor may, for example,
comprise a gas cylinder containing the reactant gas and a tube
connecting the gas cylinder with the reactor. It is preferred
that on the flow path of the tube, at least one valve is provided
so that it is possible to switch the introduction of the reactant
gas on and off. Further, it is preferred that on the flow path of
the tube, a filter described in the above section (Purity of
Ammonia) is provided as an in-line filter.

In a case where a plurality of material gases are reacted to
form a reactant gas thereby to carry out the ammonothermal
method of the present invention, gas cylinders of respective
material gases and a tube for mixing gases introduced from
the material gas cylinders and introducing the mixed gas to
the reactor are needed. For example, in a case where a first
material gas and a second material gas are mixed and intro-
duced into the reactor, an apparatus wherein a tube from the
gas cylinder of the first material gas and a tube from the gas
cylinder of the second material gas are joined at a junction to
make up one tube and the tube is connected to the reactor, may
be used. In such a case, the first material gas and the second
material gas react with each other while they flow from the
junction to the reactor to form a reactant gas. Further, instead
of joining the tubes, another apparatus may be used, wherein
both the tube from the gas cylinder of the first material gas and
the tube from the gas cylinder of the second material gas are
introduced into a container other than the reactor, and another
tube leading from the container to the reactor is additionally
provided. In such a case, the first material gas and the second
material gas react with each other in the container in which
the two gases are mixed or react with each other while they
flow from the container to the reactor, to form a reactant gas.
Also in such a case where a plurality of material gases are
used, it is preferred that the tubes from respective material gas
cylinders are provided with a valve and a filter.

The production apparatus of the present invention is pref-
erably provided with a means for introducing an ammonia gas
into the reactor, separately from the means for introducing a
reactant gas into the reactor. Such a means comprises, typi-
cally, an ammonia gas cylinder and a tube connecting the
cylinder and the reactor. It is preferred that on the flow path of
the tube, at least one valve and a filter are provided, as the
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above tube for areactant gas cylinder. The tube introducing an
ammonia gas and the tube introducing a reactant gas may be
respectively connected to the reactor directly, but usually, it is
preferred that these tubes are joined to make up one tube to be
connected to the reactor.

Further, for the production apparatus of the present inven-
tion, a means which is employed for a production apparatus of
a nitride crystal by a normal ammonothermal method may
suitably be selected and employed. For example, a gas cylin-
der containing an inert gas such as nitrogen may be incorpo-
rated in the apparatus, as well as the above ammonia gas
cylinder. Further, it is also possible to make the production
apparatus so that the pressure in the reactor and the tube can
be reduced by using a vacuum pump.

The production apparatus of the present invention is pref-
erably provided with a heater to heat the tube, as described
above. Since a heater was not necessary for a production
apparatus of a nitride crystal by the conventional ammono-
thermal method, a heater was not specially used to heat a tube.
However, since in the present invention, it is possible to heat
before the crystal growth is started as described above and
since more preferred crystal can be obtained by heating, it is
particularly preferred that a heater to heat a tube is provided.
Types of the heater are as described above.

FIG. 1 shows a preferred example of the production appa-
ratus of the present invention. This production apparatus is
provided with a reactor 1 in which a nitride crystal may be
grown in the presence of ammonia by an ammonothermal
method, a reactant gas cylinder 11 and a tube leading from
this gas cylinder to the reactor 1. On the flow path of the tube,
an in-line filter 12, a mass flow meter 13 and a plurality of
valves including a valve 10 are provided. The reactor 1 is
provided also with a tube which is capable of introducing an
ammonia gas from an ammonia cylinder 16 through anin-line
filter 18 and a mass flow meter 19, and on the flow path of the
tube, a plurality of valves including a valve 9 are provided.
Further, the reactor 1 is provided also with a tube which is
capable of introducing a nitrogen gas from a nitrogen gas
cylinder 17, and vacuum pumps 15 and 20. This production
apparatus is provided with a heater 14 to heat the tubes. As to
a specific use of the production apparatus shown in FIG. 1,
Examples hereinafter described may be referenced.

(Nitride Crystal)

When a mineralizer prepared by reacting a reactant gas
with ammonia is used according to the present invention, the
oxygen concentration of the nitride crystal obtained by the
crystal growth is significantly low as compared with the case
where a solid mineralizer is added. The oxygen concentration
of'the nitride crystal obtained by the ammonothermal method
of the present invention is usually at most 5x10'® atom/cm?,
preferably at most 5x10"7 atom/cm®, more preferably at most
1x10'7 atom/cm>, further preferably at most 8x10'° atom/
cm’. Such a low oxygen concentration is at a level which
cannot be achieved by the conventional ammonothermal
method wherein a solid mineralizer is added.

Further, the nitride crystal obtained by the ammonothermal
method of present invention also has a characteristic such that
the silicon concentration is low as compared with a nitride
crystal obtained by the conventional ammonothermal
method. The silicon concentration of the nitride crystal
obtained by the ammonothermal method ofthe present inven-
tion is usually at most 5x10'® atom/cm?, preferably at most
1x10'® atom/cm>, more preferably at most 3x10*7 atom/cm®.

Further, the nitride crystal obtained by the ammonothermal
method of the present invention also has a characteristic such
that the threading dislocation density is low. The threading
dislocation density of the nitride crystal obtained by the
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ammonothermal method of the present invention is at most
1x10%cm?, more preferably at most 1x10%/cm?, further pref-
erably at most 1x10%/cm>.

Further, the nitride crystal obtained by the ammonothermal
method of the present invention also has a characteristic such
that the warpage of a lattice plane is small. The radius curva-
ture of the crystal lattice plane parallel to the principal surface
of'the nitride crystal obtained by the ammonothermal method
of'the present invention is usually at least 10 m, preferably at
least 50 m, more preferably at least 100 m.

The type of the nitride crystal obtained by the ammono-
thermal method of the present invention depends on the type
of'selected starting material for crystal growth, etc. According
to the present invention, it is possible to preferably grow a
Group III nitride crystal, more preferably a nitride crystal
containing gallium. Specifically, the present invention is pref-
erably applicable to the growth of a gallium nitride crystal.

According to the ammonothermal method of the present
invention, a crystal having a relatively large size may also be
obtained. For example, it is possible to obtain a nitride crystal
having a greatest dimension of at least 50 mm, more prefer-
ably anitride crystal having a greatest dimension of atleast 76
mm, further preferably a nitride crystal having a greatest
dimension of at least 100 mm. Since the crystal is grown in an
environment where the amount of impurities is small as com-
pared with the conventional method, it can be grown with a
larger area of a surface and with more uniformity.

EXAMPLES

Now, the present invention will be described in detail with
reference to Examples and Comparative Example. The mate-
rials, amounts, ratios, processes and procedures described in
the following Examples may be suitably changed as long as it
does not depart from the spirit of the present invention. There-
fore, it should be understood that the present invention is by
no means limited to these Examples.

Example 1

In this Example, a nitride crystal was grown by using the
reactor shown in FIG. 1.

A crystal was grown by using, as a reactor, an autoclave 1
(inner volume: about 27 cm®) made of Inconel 625 lined with
platinum, having inside dimension of a diameter of 15 mm
and a height of 154 mm. The inner surface of the autoclave 1
was sufficiently washed and dried. In the same manner, a
platinum wire, a platinum supporting frame for a seed crystal,
aplatinum baftle plate and a material cage made of a platinum
mesh for a starting material are washed and dried. As the
starting material for growth of a nitride crystal, polycrystal-
line gallium nitride particles were used. The polycrystalline
gallium nitride particles were washed with a hydrofluoric
acid having a concentration of about 50% in order to remove
attached matters and rinsed with pure water followed by
drying, and 13 g of the polycrystalline gallium nitride par-
ticles was measured and filled in the material cage made of a
platinum mesh and was placed in the starting material area at
the lower part of the autoclave as a starting material 5. The
oxygen content in the polycrystalline gallium nitride as a
starting material was 5x10'7 atoms/cm?, as a result of an
analysis by SIMS (Secondary lon Mass Spectrometer). Next,
a baffle plate 6 made of platinum (aperture ratio: 10%) was
placed at almost the midpoint between the growing area and
the starting material area. Further, 4 pieces of a hexagonal
crystalline gallium nitride single crystal (10 mmx10 mmx0.3
mm) were, as seed crystals 4, hanged from the platinum
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supporting frame for a seed crystal by using a platinum wire
having a diameter of 0.2 mm to be placed in the growing area
at the upper part of the autoclave.

Then, an autoclave lid 3 equipped with valves 9 and 10 is
closed to hermetically close the autoclave 1. Next, handling
was carried out so that the flow path leads to a rotary pump 15
via the valves 9 and 10 attached to the autoclave, and the
valves 9 and 10 were opened for vacuum deaeration until the
pressure reaches about 10> Torr. Then, a highly pure dry
nitrogen was filled from a nitrogen cylinder 17. This opera-
tion from the vacuum deaeration to the nitrogen replacement
was repeated for 3 times, followed by further vacuum deaera-
tion. While the vacuum state was maintained, the tube was
heated by a ribbon heater 14 to about 100° C. The main body
of the autoclave was heated by a silicon rubber heater 7 to
about 200° C. While heating was maintained, the operation of
a turbomolecular pump 20 was continued until the pressure
reaches a high vacuum of about 10~7 Torr. The pressure was
maintained at about 10~7 Torr for 3 hours, and then the heater
was shut off and the temperature was lowered close to room
temperature by natural cooling and air blow, followed by
immersion in dry ice-methanol to cool the autoclave to -60 to
-70° C. Then, the valves 9 and 10 were closed to stop the
turbomolecular pump 20.

Then, the switch of a mass flow controller 19 was turned on
to fill a highly pure ammonia (purity: 99.999%) having the
water content suppressed to at most 1 ppb from an ammonia
cylinder 16 through an in-line filter 18 (Nanochem OMA
manufactured by Matheson Tri Gas), and the valve 9 was
opened. 17.5 Liters of ammonia was filled at a flow rate of 2
liters per minute based on the flow control, and then, when the
line automatically stopped to stop the filling, the valve 9 was
closed. Then, a hydrogen chloride gas (purity: 99.999%) as a
reactant gas was filled. A mass flow controller 13 was turned
on and a valve 10 was opened, and then 0.35 liter of the
hydrogen chloride gas having the water content suppressed to
at most 200 ppb was filled at a flow rate of 0.05 liter per
minute, from a reactant gas cylinder 11 through an in-line
filter 12 (Nanochem Metal-X manufactured by Matheson Tri
Gas). During the filling, the pressure increase in the autoclave
1 was not observed, and it was suggested that the filled hydro-
gen chloride gas was successively reacted with ammonia to
form ammonium chloride. By monitoring the temperature of
the outer wall by a thermocouple, the temperature fluctuation
was +0.2° C., and the influence due to the temperature
increase by a heat of reaction was not detected. After comple-
tion of the filling of a prescribed amount, when the line
automatically closed, the valve 10 was closed. Then, a part of
the line of hydrogen chloride was replaced with a nitrogen gas
and was cut off from the line.

Then, the autoclave 1 was placed in an electric furnace
composed of a heater halved into an upper and a lower por-
tions. The temperature was raised over a period of 12 hours,
and the outer wall temperature of the autoclave was set so that
the temperature of the solution at the lower part of the auto-
clave would be 550° C. and the temperature of the solution at
the upper part would be 420° C., followed by maintaining the
temperature for further 240 hours. The correlation equation
between the outer wall temperature of the autoclave and the
temperature of the solution in the autoclave had been prelimi-
narily prepared by an actual measurement. The pressure in the
autoclave 1 was about 130 MPa. The variability of the con-
trolled temperature while maintained was within +5° C.

After completion of the growth term, the temperature was
lowered by using a program controller in about 8 hours, until
the outside temperature of the lower part of the autoclave 1
became 150° C., and then heating by a heater was stopped and
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the autoclave 1 was naturally cooled in the electric furnace.
After it was confirmed that the outside temperature of the
lower part of the autoclave 1 was lowered to almost room
temperature, first, the valve 9 which the autoclave was pro-
vided with was opened to remove ammonia in the autoclave 1.
Next, ammonia in the autoclave 1 was completely removed
by a vacuum pump. Then, the autoclave lid 3 was opened and
the supporting frame for a seed crystal, the baffle plate and the
starting material cage were recovered from the autoclave. A
white powdery substance was attached to the upper portion of
the inner wall of the autoclave.

The weight of the seed crystal after growth is measured and
compared with the weight before the growth, whereby it is
confirmed that the weight is increased. Further, X-ray diffrac-
tion measurement is carried out, whereby it is confirmed that
the precipitated crystal is hexagonal gallium nitride. Further,
an analysis of the precipitated crystal by SIMS is carried out,
whereby it is confirmed that the oxygen content and the
silicon content in the crystal are low. Further, it is confirmed
that the precipitated crystal has little color and high transpar-
ency as compared with the crystal grown by the conventional
ammonothermal method. The white powder attached to the
inner wall is identified by powdery X-ray diffraction and is
found to be an ammonium chloride crystal. This confirms that
hydrogen chloride introduced as a gas forms ammonium
chloride in the autoclave and functions as a mineralizer.

Example 2

In this Example, a nitride crystal was grown in the same
manner as in Example 1 except for the size of the autoclave.
Since the volume of the autoclave is different, the filling
amount of ammonia and the filling amount of the hydrogen
chloride gas were changed based on the volume ratio, so that
the conditions became the same as in Example 1.

In Example 2, crystal growth was carried out by using an
autoclave (inner volume: about 110 cm®) having inside
dimensions of a diameter of 22 mm and a height 0of 290 mm as
a reactor.

The weight of the seed crystal after growth was measured
and compared to the weight before growth, whereby it was
confirmed that the weight was increased. Further, X-ray dif-
fraction measurement was performed, whereby it was con-
firmed that the precipitated crystal was hexagonal gallium
nitride. The precipitated crystal had little color and high trans-
parency as compared with a crystal grown by the conven-
tional ammonothermal method.

As a result of SIMS measurement of the gallium nitride
crystal grown on the seed crystal, up to 5.0x10'7 atom/cm? of
oxygen was detected. At another measurement position, the
oxygen concentration was below detection limit. Further,
3.0x10'7 atom/cm® of silicon was detected. As the measure-
ment apparatus, Secondary lon Mass Spectrometer model 4F
manufactured by Cameca was used. Cs* ions were used as
primary ions, and the primary ion energy was set to be 14.5
keV. The detection limits under these conditions are 8x10'>
atom/cm’ for oxygen and 1x10'° atom/cm® for silicon. The
white powder attached to the inner wall was identified by
powder X-ray diffraction, whereby it was confirmed to be an
ammonium chloride crystal.

This supports that hydrogen chloride introduced as a gas
formed ammonium chloride internally and functioned as a
mineralizer.

Comparative Example

In this Comparative Example, the reaction apparatus
shown in FIG. 2 was used to grow a nitride crystal.
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A gallium nitride crystal was grown in the same manner as
in Example 1 except that the following conditions in Example
1 were changed. Instead of introducing a hydrogen chloride
gas, 0.75 g of an ammonium chloride reagent was charged.
Ammonium chloride put in a starting material cage made of a
platinum mesh along with a polycrystalline gallium nitride
starting material was charged into the autoclave 1 and the
autoclave was hermetically closed. In the steps where the
autoclave 1id 3 was not hermetically closed, all operations
were carried outin a nitrogen atmosphere. After the autoclave
was hermetically closed, the pressure was reduced by a rotary
pump 15. However, since a heating step could not be carried
out because of the presence of the ammonium chloride
reagent as a mineralizer, the pressure reduction step was
carried out at room temperature. Then, the autoclave was
cooled in dry ice-methanol, and a valve 9 was closed. Next,
ammonia was filled in the autoclave 1 from an ammonia
cylinder 17, in the same manner as in Example 1. Successive
steps were the same as in Example 1. The pressure when the
temperature was raised to the same temperature was 132
MPa.

The weight of the seed crystals recovered after the opera-
tion completion was measured, and as a result, an increase by
0.26 g was confirmed. The precipitated crystal was analyzed,
and as a result, the crystal was confirmed to be a hexagonal
gallium nitride, which was the same as in Example 1. As
compared with Example 1 and Example 2, black to brown
coloration was significant. The result of oxygen concentra-
tion analysis by SIMS was 5x10° atom/cm®. The result of
silicon concentration analysis was 4x10'° atom/cm?>.
Industrial Applicability

According to the process for producing a nitride crystal by
the ammonothermal method of the present invention, a nitride
crystal having a low oxygen concentration and high purity
may be grown efficiently. Further, the apparatus ofthe present
invention which is capable of producing such a nitride crystal
can be made larger for the purpose of high-volume produc-
tion, and thus the industrial applicability is high. Further,
since the nitride crystal of the present invention has a low
oxygen concentration and high purity, it is less likely to be
colored, and thus it may be applied to various use including
substrates for opto-electronics such as LEDs and LDs. There-
fore, the present invention has a high industrial applicability.

The entire disclosures of Japanese Patent Application No.
2009-0021809 filed on Jan. 8,2009 and Japanese Patent Appli-
cation No. 2009-195856 filed on Aug. 26, 2009 including
specifications, claims, drawings and summaries are incorpo-
rated herein by reference in their entireties.

REFERENCE SYMBOLS

: autoclave (reactor)

: lining

: autoclave lid

: seed crystal

: starting material

: baffle plate

: heater

: pressure sensor

: valve

: valve

: reactant gas cylinder
: in-line filter

: mass flow meter

: heater

: vacuum pump 1 (rotary pump)
: ammonia cylinder
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17: nitrogen cylinder

18: in-line filter

19: mass flow meter

20: vacuum pump 2 (turbomolecular pump)

The invention claimed is:

1. A process for producing a nitride crystal, comprising:

introducing (a) a reactant gas, which is reactive with

ammonia to form a mineralizer, into a reactor charged

with (b) ammonia, to produce a mineralizer in the reac-

tor,

wherein the ammonia is cooled while the reactant gas is
introduced into the reactor; and

in the same reactor in which the mineralizer is produced,

growing a nitride crystal from a starting material suitable
for growth of a nitride crystal placed in the reactor, by an
ammonothermal method in the presence of ammonia
and the mineralizer.

2. The process of claim 1, wherein the ammonia is cooled
below the boiling point of ammonia before the reactant gas is
introduced.

3. The process of claim 1, wherein the nitride crystal has an
oxygen concentration of at most 5x10'® atom/cm>.

4. The process of claim 1, wherein the reactant gas is a
hydrogen halide gas.

5. The process of claim 4, wherein the reactant gas is at
least one member selected from the group consisting of a
hydrogen chloride gas, a hydrogen bromide gas, and a hydro-
gen iodide gas.

6. The process of claim 1, wherein the reactant gas has a
water content of at most 10 ppm by weight.

7. The process of claim 1, wherein the reactant gas has an
oxygen content of at most 10 ppm by weight.

8. The process of claim 1, wherein the reactant gas is
formed by reacting a plurality of material gases.

9. The process of claim 1, wherein the reactant gas is
passed through a filter and then introduced.

10. The process of claim 1, wherein the reactor is lined with
at least one metal or with an alloy of at least one metal,
selected from the group consisting of Pt, Ir, W, Ta, Rh, Ru, and
Re.

11. The process of claim 1, wherein the reactor is an auto-
clave.

12. The process of claim 1, wherein the reactor is an inner
cylindrical tube inserted in an autoclave.

13. The process of claim 1, wherein, before ammonia is
introduced into the reactor, the interior of the reactor, com-
prising a starting material suitable for growth of a crystal, is
replaced with a nitrogen gas.

14. The process of claim 1, wherein, before ammonia is
introduced into the reactor, a pressure in the reactor, compris-
ing the starting material suitable for growth of a nitride crys-
tal, is reduced to at most 10 Torr.

15. The process of claim 1, wherein, before ammonia is
introduced into the reactor, the interior of the reactor, com-
prising the starting material suitable for growth of a nitride
crystal, is heated to at least 70° C.

16. The process of claim 1, wherein the nitride crystal is a
Group I1I nitride crystal.

17. The process of claim 1, wherein the nitride crystal is a
nitride crystal comprising gallium.
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18. The process of claim 17, wherein the starting material
suitable for growth of a nitride crystal comprises at least one
selected from the group consisting of metal gallium and gal-
lium nitride.

19. The process of claim 18, wherein the starting material
suitable for growth has an oxygen concentration of at most
1x10'® atom/cm?.

20. The process of claim 1, wherein a seed crystal is put in
the reactor before growing the crystal.

21. The process of claim 1, wherein the nitride crystal is
gallium nitride.

22. The process of claim 1, wherein the nitride crystal has
an oxygen concentration of at most 5x10'” atom/cm”.

23. The process of claim 1, wherein the nitride crystal has
an oxygen concentration of at most 1x10'7 atom/cm®.

24. A process for producing a nitride crystal, comprising:

bringing (a) a reactant gas, which is reactive with ammonia

to form a mineralizer, and (b) ammonia into contact with
each other in a reactor, to produce a mineralizer in the
reactor; and

in the same reactor in which the mineralizer is formed,

growing a nitride crystal from a starting material suitable
for growth of a nitride crystal placed in the reactor, by an
ammonothermal method in the presence of ammonia
and the mineralizer, wherein

the reactant gas is formed by reacting a plurality of material

gases,

wherein the plurality of material gases comprise a first

material gas and a second material gas,

wherein the first material gas is a halogen, and

the second material gas is reactive with a halogen to form

the reactant gas.

25. The process of claim 24, wherein the second material
gas is a gas of at least one member selected from the group
consisting of an alkane and a halogenated alkane having a
hydrogen atom.

26. The process of claim 24, wherein the first material gas
is a chlorine gas, and the second material gas is a gas of at least
one member selected from the group consisting of methane,
monochloromethane,  dichloromethane, and trichlo-
romethane.

27. A process for producing a nitride crystal, comprising:

introducing (a) a reactant gas or a plurality of material

gasses forming the reactant gas, wherein the reactive gas
is reactive with ammonia to form a mineralizer, into a
reactor charged with (b) ammonia, to produce a miner-
alizer in the reactor; and

in the same reactor in which the mineralizer is produced,

growing a nitride crystal from a starting material suitable
for growth of a nitride crystal placed in the reactor, by an
ammonothermal method in the presence of ammonia
and the mineralizer,

wherein, before ammonia and the reactant gas, or ammonia

and the plurality of material gases are introduced into the
reactor, the pressure in the reactor, comprising the start-
ing material suitable for growth of a nitride crystal, is
reduced to at most 10 Torr.
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